ABSTRACT This paper presents the design and the realization of broadband circularly polarized (CP) Fabry-Perot resonant antenna using a single superstrate for the fifth-generation (5G) wireless multipleinput-multiple-output (MIMO) applications. The antenna consists of a corner cut patch with a diagonal slot and a superstrate. The individual resonances of the corner cut patch and patch with diagonal slot are overlapped to improve the intrinsic narrow impedance and axial ratio (AR) bandwidths of the single-fed patch antennas. A half-wavelength spaced superstrate having a half-wavelength thickness is employed as a partially reflecting surface (PRS) for high gain and wide AR as well as impedance bandwidths. The design procedure and mechanisms of the PRS are discussed in detail through the equivalent circuit and ray tracing analysis. Simulated and measured results show that the proposed antennas have a wide operational bandwidth of 25-33 GHz (27.6%) for |S 11 | < −10 dB with a stable gain achieving a maximum value of 14.1 dBiC and a wide 3-dB AR bandwidth ranging from 26-31.3 GHz (17%). This operational bandwidth of the antenna covers the proposed entire global 5G millimeter wave (mmWave) spectrum (26-29.5 GHz). Moreover, a 2 × 2 MIMO antenna is designed using the proposed antenna in such a way that the polarization diversity of the adjacent radiator is exploited, resulting in high isolation between antenna elements and low-envelope correlation coefficient, which makes it a suitable candidate for future 5G MIMO applications. , millimeter wave, MIMO antenna, Fabry-Perot resonant antenna.
I. INTRODUCTION
The congestion, limited bandwidth, and restricted channel capacity of the current wireless system have pushed researchers and engineers to utilize an unused millimeter wave (mmWave) spectrum in the fifth-generation (5G) of wireless communication systems [1] . The upcoming 5G technology is not only promised to meet the exponentially increasing demands of high data rates, reliability, and low power consumption for the massive growth in the number of connected devices around us, but also capable of unlocking the full capabilities of the emerging technologies such as smart cities, virtual reality, and automotive cars [2] . These 5G systems are likely to have several base stations, massive MIMO, and beamforming antennas. The antenna design is one of the key factors to realize mmWave based 5G communication. America and Canada have proposed a 5G mmWave
The associate editor coordinating the review of this manuscript and approving it for publication was Danping He. band of 27.5 -28.35 GHz, while the United Kingdom and most of the European countries (Finland, Sweden, Italy, Spain, etc.) have suggested 26.5 -27.5 GHz band, and Korea and Japan have been considering 26.5 -29.5 GHz and 27.5 -29.5 GHz bands, respectively [3] . Various studies have been carried out on designing antennas for these potential mmWave bands [4] - [38] . The antenna designs with low gain [4] - [6] are not appropriate, because 5G radio waves have the high propagation and atmospheric losses with low penetration power due to which signal gets weak while reaching from transmitting to the receiving ends. To address the attenuation factor, high gain antenna arrays [7] - [11] and arrays with beam-steering capabilities have been widely studied to increase the signal strength and to provide large spatial coverage [12] - [15] . Even arrays consisting of many radiating elements possess the same capacity as a single antenna being fed with the single port. Thus, the design of high gain antennas maintaining low-profile should be considered, as opposed to the arrays which have inevitable losses in power divider networks. These high gain antennas could be the Fabry-Perot cavity antennas [16] - [20] , metasurface/metamaterial antennas [21] , [22] or lens-coupled antennas [23] . The main disadvantage associated with these antennas is being incapable of MIMO performances. The use of MIMO antennas both in the transmitter and receiver ends provides multiple possible paths for signal transmission enhancing data rate, capacity, and link reliability without additional power and bandwidth, which are the key features of 5G, as presented in the literature [24] - [29] . These MIMO antennas have a good performance exhibiting low mutual coupling but have low gain characteristics (gain < 8 dBic) and are linearly polarized.
On the other hand, one of the promising features of the antenna is circular polarization (CP), wherein the antenna radiates electromagnetic (EM) waves in two orthogonal directions. These kinds of antennas show more immunity to interferences, multipath distortions, and fading than linearly polarized (LP) antennas [30] . Also, CP antennas provide better mobility and orientation freedom between transmitting and receiving antennas, since these antennas radiate in two directions with the same magnitude, while LP antennas radiate in only one direction. This is the reason why circular polarization is popular for wireless and satellite communications, particularly in randomly oriented RFID tags, wireless sensors, and device-to-device communications. Only a few studies have been carried out on CP antennas operating at designated 5G mmWaves bands [31] - [38] , especially the CP antennas with MIMO capabilities, even though the CP antennas for 5G spectrum are widely embraced. This is simply because of the design and realization challenges that are associated with the much smaller physical size of the antenna. Though the designs presented in some studies [31] - [36] offer circular polarization, they are single port antennas and are not capable of MIMO performance.
Two designs operating at 5G mmWave bands have been reported to-date, that have both circular polarization and MIMO functionalities [37] , [38] . The antenna presented in [37] consists of 2 × 2 aperture coupled microstrip patch antennas and two-layered FSS superstrate. The CP was achieved by circular patch exited by cross-shaped slots, while the FSS superstrate was used to improve antenna performance especially the diversity. Although this design shows an effective approach to mitigate near-field coupling and a good impedance bandwidth of 19.3 % (28 -33 GHz), it has disadvantages of design and fabrication complexity (two PCBs and two FSS superstrates) and a 6 % narrow AR bandwidth . Interestingly, the superstrate contributed to only a 1.5 dB increment in the gain of the antenna while it degraded the axial ratio (AR) performance, since it was used primarily for improving isolation between antenna elements. In addition, this design needs the optimization of several design parameters of complicated FSS unit cells with multi-layered substrates. This makes it quite difficult to design and mass production and thus practical applications are limited. Another CP antenna with MIMO configuration [38] is a dual-band multi-polarized system for the base station and has the ability to provide linear and CP signals according to the assigned user's equipment polarization. Nevertheless, the targeted application for this design is the base station, the vivaldi antenna array was distributed in upside conical frustum configuration with the excitation of twelve ports and the single antenna showed a 6% impedance bandwidth and an AR bandwidth of less than 3% (27.5 -28.5 GHz) with a maximum gain of 8 dBic at 28 GHz band. Although it has multi-polarization and dual-band advantages, this antenna system has low gain and narrow band characteristics. Accordingly, designing of a compact, low-cost, high gain, and circularly polarized MIMO antenna with broadband operation covering the whole allocated mmWave spectrum (25GHz -29.5 GHz) for future 5G systems would be an important step on the road in the realization of 5G wireless systems.
Starting from these considerations, the design of a broadband circularly polarized antenna with MIMO capabilities based on a Fabry-Perot resonant cavity at mmWave 5G frequency bands is proposed in this paper. The main motivation of this work is to design a high gain, and broadband CP antenna to covers the whole allocated mmWave 5G spectrum from 25 -33 GHz with good MIMO capabilities. A halfwavelength spaced single-layered dielectric slab having a half-wavelength thickness is utilized as a partially reflecting surface (PRS) for high gain characteristics and wider AR as well as impedance bandwidths. The proposed 2 × 2 MIMO antenna has a simple design and a compact overall size of 1.58λ L × 1.58λ L × 0.7λ L (λ L is the free space wavelength of the lowest operating frequency in −10 dB bandwidth) enabling its easy integration with 5G smart devices along with low-cost and mass-production suitability. In addition, this design is unique simply because it is the only one currently available CP MIMO antenna covering the mmWave band (26 -29.5 GHz) proposed for future 5G applications.
The paper is organized as follows. Section II explains the antenna operation principle based on ray tracing analysis and transmission line mode. The single CP antenna geometry, design methodology, and results are discussed in Section III. Meanwhile, the 2 × 2 element MIMO antenna and its performance characteristics along with the comparison of the proposed design with other designs are explained in Section IV. Finally, our conclusions are drawn in Section V.
II. DESIGN OF THE COMPACT WIDEBAND SINGLE-LAYERED PRS
It is well known that the conventional Fabry-Perot (FP) cavity can be formed by stacking a partially reflective surface (PRS) at a half-wavelength distance above the conducting ground plane. The actual distance between the ground and PRS is determined by their reflection phases at the resonance frequency. The EM waves in this cavity may be excited by any radiating source, such as dipole, horn, waveguide, or a patch. Conventionally, the bandwidth of the FP cavity is increased by achieving a reflection phase of PRS that changes slowly against the frequency. This kind of reflection phase can be obtained using FSS superstrates [18] by optimizing several design parameters of complex FSS unit cells. This is why the use of unprinted PRSs are getting popular in the design of FP cavity antennas [40] . Although the antenna profile can be reduced using a printed PRS having a quarterwavelength thickness in mmWave bands, these designs suffer from narrow 3-dB gain bandwidth [17] - [20] , especially the AR bandwidth in CP antennas [18] , [37] . The analysis of the FP cavity is based on multiple-interference of the radiations emitted by the radiator inside the cavity as shown in Fig. 1 . According to ray tracing analysis, the maximum broadside radiation would be obtained at resonance frequency f res , when the reflected waves from the ground plane are in phase with the reflection phase of PRS. Thus, the resonant condition of this FP cavity having a thickness of h T (distance from ground plan to PRS) can be expressed as:
Here, c is the speed of light, ϕ r is the reflection phase of the PRS, and ϕ g is the reflection phase of the ground plane. To maintain a low-profile, usually the first resonance is considered (N = 0) and the properties of the PRS can be tuned by adjusting the reflection phase of PRS.
Since both ϕ r and h T are frequency sensitive, the PRS has narrowband characteristics. Furthermore, the maximum directivity increases with the reflection amplitude of the PRS, while the 3-dB gain bandwidth decreases [37] . Therefore, the realization of a wideband operation maintaining high gain characteristics is a challenge in the design of FP cavity antennas. Considering ϕ g = π for a perfectively electric conducting ground plane, the above equation (1) can be written as:
This shows that a wideband resonance can be realized by using a PRS whose reflection phase increases with the increasing frequency. A typical phase response of the PRS for broadband performance [16] and the phase (ϕ r for narrowband which decreases against frequency for narrowband [18] , is shown in Fig. 2 .
The phase for narrowband PRS intersects with the ideal phase (ϕ g ) only at a single frequency resulting in a narrowband characteristic, while the wideband PRS may resonate at three different frequencies, since the phase cutes the ideal phase curve at three different points (f 1 , f res , &, f 2 ).
In our design, we choose a PRS with a half-wavelength (0.5λ sub ) thickness after simulating PRS with different thickness values. A separation between the PRS and the ground is set to be around half-wavelength, in accordance to the conventional FP cavity design rules. The proposed PRS is composed of a high dielectric constant material Rogers 6010 (ε r = 10.2, tanδ= 0.0026) having a thickness of h a = 1.6 mm, which corresponds to the half-wavelength (0.5λ PRS ), where λ PRS is the wavelength in the PRS at the resonance frequency of 28 GHz.
For a physical insight, the PRS can be modeled to its equivalent circuit diagram as shown in Fig. 3 . The reflection response ( PRS ) of the PRS can be computed from the input impedance Z input .
Here Z air is the characteristic impedance of air, Z 1 is the characteristic impedance of PRS which is equal to (Z 1 = Z air / √ ε r and β is the phase constant (β = 2π √ ε r /λ 0 ) in the PRS and ε r is the relative primitivity. The PRS can be calculated as:
We computed the phase ( PRS ) characteristics of the designed PRS (ha = 1.6 mm and h T = 5.5mm) through a superstrate reflection model (SRM) and the ideal phase curve VOLUME 7, 2019 FIGURE 4. Simulated reflection phase and magnitude of the proposed PRS using SRM model.
was obtained with the help of (2) as shown in Fig. 4 . The proposed FP cavity shows a nearly zero-reflection phase magnitude | PRS | around the resonance frequency of 28 GHz and resulted in a 180 • phase jump of the reflection phase. When the frequency switches its polarity at a certain condition of | PRS | =0, the real and imaginary components of the phase reverse their signs. This provides a phase change of 180 o . This phenomenon is responsible for intersecting the ideal phase (ϕ r line in three points namely f 1 , f res , and f 2 . This shows that the FP cavity has the potential to resonate with high gain characteristics around these three intersecting frequencies based on (1). It should be mentioned that similar phase response to that of our proposed design have been recently obtained for closely spaced multi-layered PRS in microwave frequencies [39] - [41] , which allows for a wider broadside radiation bandwidth. In summary, a high gain and wideband FP cavity is designed by using single-layered PRS with a half-wavelength thickness for the antenna design at 5G mmWave frequencies.
III. DESIGN AND CHARACTERIZATION OF THE SINGLE-ELEMENT ANTENNA
This section explains the geometry, design methodology, and characterization of a single-element broadband circularly polarized Fabry-Perot resonant antenna. First, an optimized single antenna is modeled by tuning design parameters and then its characteristics are discussed based on simulation and experimental results.
A. ANTENNA CONFIGURATION
The geometry and configuration of the single antenna is shown in Fig. 5 . The antenna consists of a corner cut square patch with a diagonal slot and a single-layered dielectric slab above the patch at a separation of h T .
The patch's width and length are defined asw,and is etched on the Rogers 5880 (ε r = 2.2, tanδ= 0.0009, h = 0.508 mm). The corners of the patch are truncated by t to achieve CP performance. A diagonal slot which has length Land width s is used to improve impedance and AR bandwidths. The dielectric slab is used as a PRS for overall performance enhancement of the antenna. The PRS is made up of high dielectric constant material Rogers 6010 (ε r =10.2, 
B. ANTENNA DESIGN PROCEDURE
The proposed antenna design begins with the simulation of a simple rectangular patch antenna in commercial simulator CST Microwave Studio. For ease of realization at high frequencies and to minimize the connector effects, the patch is directly fed by SMA without any extended strip line by compromising the bandwidth of the antenna [42] . The patch dimensions are then optimized so that the antenna resonates at the central frequency of 28 GHz. Since the rectangular patch gives a linear polarization, the corners of the patch are truncated to get circular polarization. Later, a diagonal slot is etched on the patch for both impedance and AR bandwidth enhancement. Principally, in single-fed patch antennas, CP is achieved by slightly perturbing patch geometry at the right position with respect to the feeding point. The perturbation technique includes truncated corners, stubs, slits, notches, and embedded slot onto the patch. The most common and convenient way to get CP radiation is truncating a set of patch corners or inserting a diagonal slot in the patch such that two orthogonal modes of the same magnitude are simultaneously excited [43] . This design combines both conventional techniques (a truncated corner patch and a patch with a diagonal slot) to improve AR as well as impedance matching by overlapping the individual resonances of the patch with diagonal slot and truncated patch. The impedance matching in terms of reflection loss |S 11 |, AR, and broadside gain for different antenna configurations are shown in Fig. 6 . The truncated patch antenna (Ant.#1) exhibits an expected narrow impedance and AR bandwidths of 7.8 % and 2.5%, respectively, while the patch with a diagonal slot (Ant.#2) shows a similar performance except for a shift of resonance to the lower frequencies. In fact, the slot provides a longer effective path for current flow, hence the resonance is shifted down to the lower frequencies. The truncated patch antenna with an optimized diagonal slot (Ant.#3), which is the combination of antenna #1 and #2, shows significant improvement in |S 11 | and AR bandwidths by overlapping the individual resonances of the slot and truncated patch. More specifically, the |S 11 | and AR bandwidths of Ant.#3 is almost the sum of the bandwidths of Ant.#1 and Ant.#2. Finally, the previously designed 0.5λ sub thick PRS at a separation of half-wavelength above the patch antenna (Ant.#3) is stacked for overall performance enhancement of the patch antenna. The patch antenna with PRS shows a massive improvement up to 27.6 % and 18.5 % for impedance and AR bandwidths, respectively. It is important to note that the broadside gain for patch antenna configurations without PRS is 7.5 dBi, this increased to 14.1 dBic for patch antenna with PRS. The performance comparison of these antennas is summarized in Table 1 . The detailed mechanism of performance improvement due to PRS is well described in [39] . Hence, the proposed single-element FabryPerot cavity antenna design is completed. The step-wise design approach and optimization procedure using key design parameters of the single antenna are illustrated with the help of the flowchart in Fig. 7 . It is clear from the flowchart that how the antenna is designed and what parameters are used to optimize the specific antenna characteristics.
C. RESULTS AND DISCUSSION
The characteristics of the proposed antenna in terms of reflection loss (|S 11 |), axial ratio, broadside gain, and radiation VOLUME 7, 2019 patterns are investigated numerically and validated with measured results. For the fabrication of the prototype, we choose a commercially available high-frequency substrate Rogers RO5880 with a thickness of 20 mil (0.508 mm). The antenna is fabricated by JDM Co. Ltd., Ansan-si, Korea with standard PCB technologies. The air gap between the radiator and the PRS is realized carefully using a polyurethane foam of the desired thickness. The inner part of foam was truncated to avoid losses in the foam, while the antenna was fed by 2.92 mm K-connector. The photographs of fabricated prototype and parts for antenna assembly are shown in Fig. 8 . The antenna far-field measurements are carried out in the anechoic chamber at the Electromagnetic Wave Technology Institute, Seoul, Korea. A well-calibrated dual-ridged horn antenna (18 -40 GHz) is employed as the source antenna while the fabricated prototype is measured as the receiving antenna. Transmit and receiver amplifier are used to provide stable power reception. The data obtained from the duallinear polarized horn antenna are analyzed to calculate the CP radiations of the antenna. 9 shows the simulated and measured |S 11 | of the antenna. The antenna exhibited broadband characteristics by demonstrating a simulated wide -10 dB impedance bandwidth ranging from 25 -33 GHz, which is a little wider than its measured value. This discrepancy is most likely due to cable losses and fabrication tolerances. These wideband characteristics are associated with the overlapping of the slot and truncated patch resonances and successful implementation of the well-designed single-layered PRS. The axial ratio of the antenna as a function of frequency is given in Fig. 10 . The AR can be computed in Fabry-Perot antennas as in [37] :
Here E and E ϕ are the electric field components, whose phases are changed due the to the air gap (h T = 5.5 mm) between the radiator and the PRS. It is noted that the proposed antenna shows a broadband 3-dB axial ratio of 18.5 % (26 -31.3 GHz), yielding two minimum AR points with AR values of 0.5 dB and 1 dB around 26.5 GHz and 29.5 GHz, respectively. Again, the broadband AR characteristic is primarily due to the PRS as well as the combination of individual AR bandwidths of truncated and slotted patch as explained previously (Fig. 6) . It is worth noting that the proposed antenna operational CP bandwidth covers the entire global 5G mmWave spectrum (26 -29.5 GHz). The difference between measured and simulated AR values are quite reasonable and are possibly due to the imperfections of the PRS position above the patch since a foam is used to realize the separation between patch and PRS. Fig. 11 compares the measured and simulated broadside gain of the proposed single-element antenna with PRS and simulated gain of the antenna without PRS. The antenna without PRS attained an expectedly low gain of 7 dBic as other patch antennas. However, the antenna with PRS demonstrated high and stable gain characteristics with a minimum and a maximum value of 12.7 dBic and 14.1 dBic at 25 GHz and 33 GHz, respectively. The gain slightly increased with the increasing frequency due to the increased effective size of the antenna at higher frequencies. The measured results agree well with its counterpart with a little decrement. This could be due to the substrate losses and the power dissipation in the foam (used to realize the cavity thickness). The patch, in conjunction with the well-designed PRS, enables the multiple reflections between the radiator and the PRS providing multiple images of the radiator that increasing the antenna gain substantially. To verify this observation, we computed the electric field (E-field) distributions of the antenna with and without PRS in xz and yz-plane in Fig. 12 . The PRS acted as a lens for focusing the E-field of the antenna in broadside direction resulting in a noticeable enhancement for the antenna gain. The radiation patterns of the fabricated prototype of the antenna is simulated and measured at different frequencies and are illustrated in Fig. 13 . The radiation pattern is symmetrical at both the principal planes of xz-plane (H -plane) and yz-plane (E-plane), which almost remained the same for all investigated frequencies. Such outcomes indicate high stability of the far-field patterns along the entire pass-band. The left-hand circular polarization (LHCP) is minor when compared to the right-hand circular polarization (RHCP), thus the proposed antenna has RHCP radiations. This can be further validated by E-field direction in PRS seen from the +z-direction (Fig. 14) . It can be clearly observed that the radiated field from the radiator rotates in a counter-clockwise direction, verifying the antenna has RHCP.
IV. DESIGN AND CHARACTERIZATION OF MIMO ANTENNA
The single-element Fabry-Perot cavity antenna is incorporated into a four-element MIMO assembly to exploit multipath propagation to enhanced data rate, capacity and link reliability for its applications in future 5G MIMO systems. The geometry and performance of the MIMO antenna is further investigated based on return loss, isolation between the antenna elements, and envelope correlation coefficient and individual gain of the MIMO antennas.
A. ANTENNA CONFIGURATION
The proposed MIMO consists of two-by-two single-element antennas arranged perpendicular to each other with a spacing of D = 8 mm as shown in Fig. 15 . The conventional MIMO design suggests a minimum element spacing of λ 0 /2, which VOLUME 7, 2019 is equal to 5.4 mm at the central frequency of 28 GHz. Based on the dimensions of the 2.92 mm K-connector, this spacing is deliberately increased to 8 mm, so that the connectors could fit well on the shared substrate. The placement of all antennas has been done in a shared substrate, having a dimension of A M × A M ×hmm 3 .Moreover, a single slab of the dielectric is placed over a separation of h T . In the design of MIMO, only the length of substrate and PRS Ais increased to A M = 19 mm, while all other parameters including the substrate and PRS thickness remain the same as the single-element antenna. Since the antenna is composed of two substrates, the proposed MIMO offers a low-cost mass production suitability besides of its overall compact size of 1.58λ L × 1.58λ L × 0.7λ L.
B. RESULTS AND DISCUSSION
The proposed 2 × 2 MIMO antenna is fabricated and tested to validate the simulation results (Fig. 16) . A polyurethane foam is used to realize the optimized separation between antennas and PRS. The measured and simulated reflection loss curves for only antenna #1 and #4 are plotted in Fig. 17 , since all antennas are identical and have symmetrical placement. It can be observed that the antennas #1 and #4 have almost the same values of reflection loss. The MIMO antennas exhibited the same -10 dB impedance bandwidth (25) (26) (27) (28) (29) (30) (31) (32) (33) as the single-element antenna, however, there is a small difference in the curve shape because of the increased length of substrate and PRS in the MIMO configuration. The isolation between antenna elements of the proposed MIMO system is plotted in terms of S-Parameter (Fig. 18) . Since all the antennas are identical and are symmetrically placed perpendicular to each other in a square substrate, the simulated curves for |S 21 |, |S 31 |, |S 24 |, and |S 34 | are same with an isolation of more than 25 dB in the entire frequency bandwidth. However, the simulated results of |S 41 | and |S 23 | are identical to each other and showed better isolation (<30 dB) performance than the former ones. In fact, the distance between antenna #4 and antenna #1 is the same as the antennas are in diagonal position. Moreover, the distance between the antennas located at the diagonal positions is larger than the distance among the neighboring antennas which resulted in higher average isolation of 35 dB in the operational bandwidth. The measured results of the |S 21 | and antennas is the envelope correlation coefficient (ρ e ). It determines how MIMO antennas are independent in their individual performance, including the radiation pattern, antenna polarization, diversity gain, and phase between the antennas in the MIMO system. Fig. 19 shows the numerically calculated ρ e for the antennas for the set of antennas using (5), as in [25] , [26] .
The peak values of ρ e are smaller than 0.008 in the desired range of frequencies, which is much smaller than the practically acceptable value referring to the excellent diversity performance of the proposed antenna. The simulated and measured gains of each antenna in the proposed MIMO assembly is depicted in Table 2 . During the measurement of antenna 1, only port 1 is exited while the remaining ports were terminated with 50-load. Similarly, the measurements of the rest of the antennas are carried out by only exiting the respective antenna port and connecting other ports with the 50-load. The values of gain for all antennas are almost the same and are similar to the single-element antenna investigated earlier in Section III. This endorses the good diversity characteristics as well as the stability of the far-field patterns of the MIMO antennas. in Table 3 . Most of the MIMO antennas in the 5G mmWave band are linearly polarized except [37] and [38] . The CP antennas with the key advantages of MIMO functionalities presented in [37] , [38] have the disadvantages of design complexity besides of its narrow |S 11 | and AR bandwidths, as well as low gain characteristics. Moreover, the proposed antenna outperformed the existing Fabry-Perot antennas ( [17] - [19] and [37] ) irrespective of their polarization due to its comparable gain (14.1dBic) and very wide operational bandwidth. In summary, none of the designs combine the advantages of simpler design, high gain, broadband CP characteristics, and MIMO capabilities at one package as our proposed design does. Moreover, our design is unique simply because it is the only one currently available CP MIMO antenna that covers the mmWave band (26 -29.5 GHz) proposed for future 5G applications.
V. CONCLUSION
A high-gain and broadband circularly polarized (CP) Fabry-Perot resonant antenna utilizing a single-layered PRS is presented for 5G MIMO applications. The proposed single-element antenna is composed of a corner cut patch with a diagonal slot and a single-layered PRS. The two conventional CP designs (corner cut patch and diagonal slotted patch) are combined to overcome the intrinsic narrow impedance and axial ratio (AR) bandwidths of the singlefeed patch antennas. A half-wavelength thick PRS is placed above the antenna for high gain and broadband characteristics. Simulated and measured results show that the proposed antennas have a wider -10 dB bandwidth of 25 -33 GHz (27.6 %) with a maximum gain of 14.1 dBic, and a wide 3-dB AR bandwidth ranging from 26 -31.3 GHz. This operational bandwidth of the antenna covers the 5G mmWave spectrum (26 -29.5 GHz) proposed by most of the countries. Performance of the single-element antenna is further investigated for a 2 × 2 MIMO system which shows an excellent diversity performance owing to its high isolation between antenna elements and low envelope correlation coefficients. These characteristics make the proposed antenna as a good candidate for 5G MIMO applications. VOLUME 7, 2019 NIAMAT HUSSAIN received the B.S. degree in electronics engineering from the Dawood University of Engineering and Technology, Karachi, Pakistan, in 2014, and the M.S. degree in electrical and computer engineering from Ajou University, Suwon, South Korea. He is currently pursuing the Ph.D. degree in information and communication engineering with Chungbuk National University, Chungju-si, South Korea. His research interests include lens-coupled antennas, metasurface antennas, metamaterial antennas, UWB antennas, mmWave antennas, and terahertz antennas. He was bestowed with best paper award in 2017, for his paper presented at Korea Winter Conference. 
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